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0 INTRODUCTION 

The perilune residual probletn f i rs t  became obvious when the Lunar Orbiter I '  spacecraft 
was maneuvered into orbit, As the perilune region of the orbit became visible to the 
earth-based tracking stations large doppler residuals were found to be present, A 
doppler residual i s  simply the difference between the doppler observed by the tracking 
stations and the doppler computed by the Orbit Determination Program (ODP). To 
generate a predicted spacecraft ep4emeris the ODP uses a trajectory program containing 
a specified model intended +o describe al l  significant force% acting on the vehide 
including a spherical harfionic expansion of the lunar gravitational field. 

During the translunar portion of the Lunar Orbiter mission the doppler residuals 
approached the noise level of the data as shown in Figure 2,1. 
achieved lunar orbit the residuals increased by one or two orders of magnitude. 
phenomenon i s  illustrated in Figure 2.2 for the Lunar Orbiter iV mission. The perilune 
altitude in this case w a s  approximately 2700 km which accounts for the relatively small 
residuals ., 1 

After the spacecraft 
The 

The relationship of residual magnitude to perilune altitude i s  shown in Figure 2.3. 
points are data frcm Lunar Orbiter missions which include various orbital inclinqtions, 
apolune altitudes and tracking station-orbit viewing geometries. 
residw'l magnitude is a function of the inverse square of the perilune altitude i s  
obvious from comparison w;th the two inverse quare curves provided. 
indicates that perturbation accelerations from lunar surface features could be the cause 
of the perilune residual problem. 

The amount of data included in the arc seriously affects the shape of the perilune 
residuals, Results of including and deleting data surrounding perilune is shown in 
Figure 2,4 where the second orbit of a three orbit arc i s  plotted, 
difference in the magnitude of the residuals i s  apparent i n  the region of perilune. 
During the f i rs t  Lunar Orbiter mission doppler data surrounding perilune was deleted from 
the data arc since the most distinct residual perturbations occurred in that region. 
resulting state vector determinations were used for photography prediction. 
graphy was accomplished at perilune and it has since been determined that the method 
was of questionable value since the larger doppler residuats indicate a larger deviation 
from the predicted trajectory. 
obtained if afl data i s  included in the OD data arc. 

The relative orbit plane-tracking station geometry had a significgnt effect on the magni- 
tude of the perilune residuals. Figure 2.5 indicates the increase in residual magnitude 
as the orbit plane rotates edgewise to the line of sight from the tracking stations. Also 
there i s  a slight increase in the frequence of the residual function as, the orbit changes 
relative position to the earth. Since information in the doppler data i s  only available 
in the line-of-sight direction i t  i s  necessary that the residual amplitude exhibit this 

AI1 

The indication that 

This phenomenon 

A significant 

The 
Most photo- 

A more accurate prediction of photo locations will be 

i 

\ 
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tendency i f  surface feature$ are the major cause of the perilune residual problem. Any 
significant unmodeled acceleration causing a trajectory perturbation would be more 
easily detected when the perturbation is in  the radial direction from the tracking station 

This document reports the tesutts of various studies performed to determine the cause of 
the Lunar Orbiter perilune, residual phenomenon. 

\ 

The investigations included are: 

1) Fourier analysis of Lunar Orbiter tracking data 
. 2) Deep Space Network doppler tracking system 

,3) Om way dopplw tracking 
4) Lunar atmosphere 
5) Surface terrain 

U 3  A 8 0 2  ( 4 3 4  R C V . 8 - 6 5  
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3.0 SUMMARY 

The results of ;his study indicate a very distinct correlation between the doppler 
residual patterns (of orbit determination data arcs involving single orbits) and the 
ground track of the spacecraft. 
to terrain changes on the lunar surface but this was not true in al l  instances 
(Reference 1 1). 

In some cases the residuals can be directly related 

An investigation of the simulated and actual doppler tracking data using Fourier 
transform methods shows b distinct difference between the signatures of the simulated 
and actual data but no dominant coefficients exist in any frequency range which 
could consistently accourit for the residuals. 

One way doppler tracking data exhibits similar residual patterns to that of two and 
three way doppler data verifying that no problem exists in the uplink electronic 
systems. A thorough study of the complete spacecraft-DSN (Deep Space Net) data 
acquisition system hag led to the conclusion that i t i n  no way could cause h e  
residual phenomenon. 

The direct measurement of the orbital period of a Lunar Orbiter spacecraft indicates 
that the existance of a significant lunar atmosphere above the altitude of 100 km i s  
very unlikely. 

It i s  obvious from this study that there i s  a serious need for more analysis on the 
lunar gravitational model 
during this study indicate the deficiency i n  the currently available lunar models. 

The magnitude of the doppler residuals encountered 
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4.0 FOURIER ANALYSIS OF LUNAR ORBITER TRACKING DATA 

4.1 INTRODUCTION 

This study i s  specifically toncerned with an  attempt to determine -whether the system- 
atic effect observed in thh doppler residuals during the lunar orbit are present in the 
observed or  the predicted doppler shift. This question i s  significant because : 

The only symptom of this perilune phefiomenon has been from the 
doppler residual histories, produced by forming: 

Observed Doppler - Predicted Doppler 

i f  

I )  

Residuals 

2) it  is not eIedr whether the phenomenon (or phenomena) causing these 
large perilune residuals a re  present in the observed data or are induced 
by the simutation which. calculates the predicted doppler. 

3) Present selemdetit research is proceeding on the basis that this perilune 
residual phenbnenon i s  present in the observed doppler and i s  an exhib- 
ition of irregularities in the lunar gravitational field. 

The problem posed for study was: 
in either the observed or predicted doppler datu which could cause the large doppler 
residuals at perilune? 

is i t  possible to observe a systematic phenomenon . 

The problem may be more precisely formulated in the foIlowing way: 

Let: R(t) r= the residual function 
f(t) = observed hpp le r  observations 
g(t) -- predicted doppler observations 

then: R(f) = f(t) - g(t) 

Thus the above question may also be written as: 
phenomenon in either f(t) or g(t) that correlates with the behavior of the residual 
Function R(t) near perilune? 

i t  is possible to detect a systematic 

. .x 

4.2 METHOD OF ATTACK 

The basic method of attack chosen WQS: 
* 

1) Assume that the phenomenon causing the perilune residuals i s  confined 
entirely to either the obsewed or predicted data. 

I 
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h(t) = function common to both the observed and predicted 

+(t) 
cp(t) = function unique to predicted observations 

doppler observations 
function unique to observed observations 

$0) d 90) 

therefore: 

The assumptidn i s  that either $(t) =? 0 or @(t) = 0. 

Assume that the Fourier transform of the residual function R(t) would 
produce a uniformly converging set of coefficients except for a daminant' 
spike over a narrow band of-frequencies corresponding to the residual 
phenomenon. 

.Examine the Fourier coefficients of f(t) and g(t) to determine i f  a single 
coefficient or nurow band of coefficients dominates in one set of data 
and not in the other. 

2) 

3) 

In order to execute the above approach the following specific tasks were performed: 

One specific Lunar Orbiter (L/O) tmcking pass was selected for 
intensive study. 

'The observed two way doppler shift obtained during this pass was 
obtained and this data simulated with the L/O real time orbit determina- 
tion program (ODPL). 

An (existing Fourier analysis computer program was modified to calculate 
the Fourier coeffic>ents of the Fourier series thut fit the data. 

This pmgram W Q ~  applied to the observed and simulated two way doppler 
shift data in the region of perilune. 

The Fourier coefficients were plotted against their or&r and the results 
analyzed. 

01 4 8 0 2  1 4 3 4  R E Y  - 8 - 6 s  
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4.3 ANALYSIS 

4,3,1 Orbit Selected 

The specific data selected for this study was a p a s s  of two way coherent doppler data 
taken from the L/O 1V e x t i d e d  mission phase, after the spacecraft had been trans- 
ferred hta a Mission V4ike  orbit. A specific description of this data is as follows: 

ORBIT NUMBERS 98, 99, 100 

DATA SPAN 

STAT IONS 62, 12 (Madrid, Goldstone) 

ORBITAL CHARACTERtSTICS : 

6/16/67-1901 GMT to 6/16/67-2339 GMT 

Epoch: 6/16/67 = 19h Om Os GMT 

Apolund Altitude = 3956,9 km , 

Perilune Altitude = 69.64 km 
Incfinution = 85.29 deg. 
Nodal Longitude = 334.01 deg. 

Argument of Periapsis = 355.99 deg . 
Period = 343.63 min, 

Time of Perilune Passage = 6/16/67 - 19h 4 p  3?,3' GMT 

This orbit configuration was selected primarily because the high apolune and low peri- 
lune altitudes gave almost no residuals at apofune and relatively large residuals at 
perilune. Also important was: 

1) The spacecraft was tracked extensively during the time when both 
apolune and perilune were visible from the Earth and during a time 
when m spacecraft maneuvering occurred, other than limit cycling. 

There were relatively few "blunder" points and/or missing points in 
&e data stream. 

The doppler resolver was on line during this p"eriod of time which 
substantially reduced the noise level of the time. 

2) 

3) 



I 
I 

4.3.2 Simulated Data 

Two sets of simulated data were used in the study. 
tions were common excepb that two different lunar gravitational models and solution 
vectors were used; 

All elements of the two simula- 

I) Spherical Mbon and state vector solution only. 
4 

2) LRC 1 1/11 Moon Model and state vector plus eight gravitational 
hannoni cs . 

Both sets of data were prbduced by fitting the 12 hours of 2-way doppler data describe( 
above. 
to produce the simulated data. 
that resulted from the spherical moon and LRC 11/11 harmonic moon simulations respect- 
ively. 

The Lunar Orbiter Real Time Orbit Determination Program, ODPL, was used 
Figures 4.1 and 4.2 show the doppler residual plots 

A third set of simulateid doppler data was also produced to allow subtraction of station 
motion and moon motion Bffects. 
constants very small and using an initial state vector for the spacecraft that put it into 
a ciacufar orbit of large period at 1 km from the moon's center. 
simulated doppler data from the observed and simulated data thus results in radial velo- 
city - doppler shifts. - 

This data was obtained by making a l l  gravitational 

Subtraction of this 

4.3.3 Fourier Analysis Computer Program 

A Lunar Orbiter Fourier Analysis Program (LOFAP) was written to compute the Fourier 
coefficients of a set of discrete data, The program consists essentially of input-output 
coding written around an existing "fast" Fourier transform routine called CTFOUR. 
This subroutine i s  Q being version of an iBM routine and uses an algorithm due to 
James W. G d e y  and John W. Tukey (Reference 1). The program requires 2" data 
points, i.e.; 2, 4, 8, 26, 32, 64, etc. and a typical compilation and run time i s  
10 seconds. The Following capabilities are built into the program: 

1) InterpoIation between data points. 

- Time &;fling of data points by integer numbers of points, 

Subtraction of a linear function of the end point values to make the 
data funcr'ion continuous at the end points, 

Subtraction of quadratic function of the end point derivatives to make 
the firsf derivative of the function continuous at the end points. 

Reflection of the input data to make &e resultant hnctian even or odd. 

3) 

1 

4) 

4 

5) 
(text continued on page 25) 
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6, ' h i n t  out he &equency, period artd order of the coefficients,- 

It was also necessary to cteate a separate interpolation program (INTERfi to interpolate 
befween data points whendver a gap existed in the data stream. These gaps were due 
to blunder points, formtits, errors, etc., and data arrays with gaps are not acceptable 
to LOFAP, The interpdafion routine used WUSTAB, a standard Boeing routine which is 
in the Univac 1108 library. TAB i s  a variable order (1 to 5) Aitken's method routine. 
Fourth order interpolation bas selected as most suitable from a series of test runs which 
showed that the error tb 1x5 expected from fourth order interpolation between two 
points i s  on the order ef .01 cps. 

.-,- -. 

4.3-4 Application of LOfAP I *  

Table 4.1 i s  a summary chart of the runs made with LOFAP. 
data used were DSS 62 Perilune, DSS 62 Apolune and DSS 12 Perilune. 

The three sets of observe( 

The data for the cases invblving 129 points were from DSS 12 instead of DSS 62 becaus 
it w a s  desirable to hove perilune in the center of the data stream and there were not4 
enough points upstream of the DSS 62 perilune. The number of data points was ex- 
panded from 33 to 65 to 129 i n  an attempt to make the period of the perilune oscil- 
lations shown in  Figures 4.1 and 4.2 small compared to the total span of data used. 

the parameters varied in  each run (shown by the column headings in Table 4.1) are 
explained below: 

1) First Data Point =- An effort was made to cause the center point of 
the data streurn to coincide with the perilune points, except in cases 
3, 4, and 11 where the data were deliberately offset to observe the 
effect on the Fourier coefficients. Cases 4 and 7 are also offset but 
for a reuson explained below in  the Data interpolation paragraph. 

Apolune Qata -- One case was run with apolune data to see if the Fouriei 
sigmtures were similar to those produced by the perilune data. 

' 

2) 

3) 

4) 

Perilune Data -- Self explanatory. 

First Derivative Made Continuous -- i t  was recognized from the beginn- 
ing hat it was necessary to make the doppler data a continuous function 
over he interval considered to obtain any convergence of the Fourier 
series. This was accompfished by subtracting a linear function of the 
end point wfues to force the data to assume values of zero at the end 
points. After several runs had been made, it was observed that thg f i rs t  
derivatives to be continuous by subtracting ca quadratic function of the 
end point derivatives from the data to obtain faster convergence of the 
Fourier coefficients. 
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Thsend point derivatives were computed by interpolating to find values 
of the functidn a distance ( 6 = .01) on either side of the end points, 
differencing these values and dividing by 2. 

Station Matiah Subtracted -- It was postulated that subtraction of the 
tracking ttitlti&n motion and moon motion effects might cause the resultant 
data to be mck-e periodic and thus cause the Fourier coefficients to con- 
verge more rupidly. Hence the ODPL run described i n  Section 4.3.2 of 
this report was made. 
doppler shift station would observe by tracking the center of the moon. 
Subtruetion OP this data from the total spacecraft doppier data then pro- 
duced u movthg plane-of-the-sky radial vefocity doppler shift history, 
which was uad in Cases 5, 6, and 7. 

Data Interpolated to Make Function More Periodic -- Examination of the 
data produced by subtracting the linear trend from the original doppler 
shift values, In Case 1, showed that the resultant function was basically 
sinusoidal in hature but wus aperiodic in the sense that the value of the 
function was not zero at 1r/2 but had a small negative value. The same 
eff&&was noted in  Case 3 except that the value of the function at n/2 
was now a small positive value. This suggested that if interpolation was  
rrsed:to time shift the duta u fractional part of a minute so that the 
value of the! function went to zero n/2, convergence of the Fourier 
coefficients might be hastened. 

. .  

The data produced by this run represented the 

4.4 RESULTS 

Results obtained are shown in  Figures 4.3 through 4.18, which are plots of the higher 

shown in Table 4.1. . 
'order Fourier coefficient magnitudes vs. their order in the expansion for the casks 

4.5 CONCLUSIONS 

I)  There ure detectable differences between the Fourier signatures of the 
observed and simulated doppler shift data near perilune but there is no 
one daminant coefficient or narrow band of coefficients in  either data 
-0ource of sufficient magnitude to account for the residuals shown. 

le the same scale, there are no detectable differences between the 
kurier coefficients of the observed and simulated doppler shift data 
near aplune, except in  the vicinity of the noise level, 

To &i bine scale as (l), there i s  IK) detectable difference between the 
Fburi& coeffidents of the data created with Q simple moon modef ' (  

2) 

3) 
. ---- 

U t  4802 14.94 R E V  . l t -$S  
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’ 51 

... \ 

‘ 7 )  

‘y) \ 

93 

(spheriaal m a n )  and the data created with a more complex moon modei 
(LRC 11/11 model modified by orbit determination solution for 8 harmonic4 

Time lrhifting und interpolation on the observed and simulated data sign- 
ificantly ehunges the Fourier coefficient signatures, but does not con- 
wrdmte the wdficients’ into one or a narrow band of frequencies, 

Subtmction of the doppler shift due to dation motion and moon motion 

Fourier signatures that a r e  very similar to those abtained from 
wtth station mofion and moon motion included. 

slat effect present in the observed data which is not due to station 
mood motion, or lunar harmonic model. 

she abserved and simulated d a k  (reduction to radial velocity data), 

Thus there i s  a 

There are several orden of magnitude difference between the even and 
Fowiat caefficients when the first derivatives are  not forced to be contin- 
uous cl) the end points. 

being the first derivatives of the data to be zero at the end points 
reduces the difference between the even and odd Fourier coefficiients. 

There is no significant increase in the rate of convergence of the smallest 
ceefficients when the first derivatives a r e  made continuous. 

Comparison of the magnitudes of the lower order coefficients (i.e. 0-5) 
in the LOFAP runs shows differences between the coefficients of the 
observed and simulated data farge enough to account for the perilune 
residuals in Figures 4.3 and 4,4; however, these differences are spread 
thrrrcyrh u mnge of coefficients and not concentrated at any one frequency 

The, LOFAP printout for Cases 1 and 4 show that time shifting the data 
by a 4t to cause the data function to be zero at n / 2  for the observed 
data does. not also cause. the simulated data function to be zero at n/2;  
in at1 wses, the simulated data function stiil had a small value at u / 2 .  

The LQFAP printout for Cases 13 and 14 show that the spherical moon 
sirnulafed data must be time shi 
observed &tor to null the function at #/2. 

by 60 milliseconds more thcm the 
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5.0 ~ A ~ E  NETWORK DOPPLER TRACKING SYSTEM 

ines the possibility that the 
r Orbiter flights may have 
DSN doppler trucking system, 

ilune doppler residual phenomenon 
R caused by hardware discrep- 
The possible discrepancies 

bilities of the phase lock loops (Spacecraft and DSN) 
the up-!ink signal, 

Under conditions of large frequency offsets (AF) and/or large doppler rates (Ai, it 
i s  possible to stress a phase lock loop to the point where it will begin to unlock or 
"skip cycles". I f  the loop isn't stressed to the point where i t  wil l unlock, the cycle 

sed on and result in an incorrect doppler count. 
s (SNR's) become small enough, the loop will begin to unlock- 

Also, i f  the loop 

again resulting in cycle skipping. 

reading in Ithe doppler count at the DSIF. 

Up-link m u ~ t ~ ~ ~ t h  had been ruled out previous& (Reference 5), the reasoning being 
that residuals s t i l i  were present even when perilune occurred at the edge of the moon's 
disk and the line of sight from the DSlF antenna did not intersect the moon--hence 
minimal reflections from the lunar surface. 
DSlF antenna has a 0 . 3 O  beamwidth, half of the antenna beam (.Eo) i s  s t i l l  inter- 
secting the moon when the spacecraft i s  at the disc edge, 

(Refere ces 2, 3, and 4). Either or both of these 
conditions may then result in a case of cyc 7 e skipping which would cause an incorrect 

\ 

However, since the main beam of the 

Therefore, up-link multi- 
th s t i l l  remains a possible cause for the doppler residuals. 

H o b  QF ATTACK 

In an attemp) to investigate the effects of up-link multipath in more detail, a post 
riment was conducted with Lunar Orbiter V in which the spacecraft was 

tracked one-way ,during perilune. 
residuals are s t i l l  present and, i f  so, whether or not the tracking system was respon- 
sible for their presence. b 

Data from this experiment i s  analyzed to see i f  the 

5.3 ANALYSIS 

5.3. I Tracking System Capabilities 

*I- The tracking capability of the phase lock loop in the . 

transponder i s  highly dependent upon the magnitude of the * 

d signa! strength; 
de of the signal strength, having.its minimum bandwidth at 

The tracking loop bndwidth varies with the 

SHEET 46 



The received signal levels experienced by the spacecraft during the five 
rbiter missions ranged between -90 dbm and -100 dbm, For the 
ck loop in the spacecraft transponder this corresponded to strong 

s i ~ ~ t  conditions. 
transponder and their rela-tion to received signal strength. 

Table 5.1 l i s t s  some of the loop parameters for the 

Phase-locked loop 
uivalent noise 
ndwidth 

Frequency Offset 

ler Rate 

(-142 dbm) BL 

F (-142 dbm) 

F (-110 dbrn) 

. .- 
(-142 dbrn) 

(-110 dbm) 

N S P O ~ D E ~  LOOP PARAMETERS 

VALUE 
-142 dbm 

WZ 

f 3.6 KHr 

f 63.5 KHt 

149 Hz/sec 

5,76 KHz/sec 

Since the signal received by the transponder was always greater than -110 dbm, th6 
apable of trucking an incoming signal offset in frequency by as much as 

,5 KHr and having a frequency rate of change up to 5.76 KHz/sec. With the 
spacecraft experiencing one way doppler shifts (frequency offsets) on the order of 15 K t  
and doppler rates of change of 17 Hdsec, the loop could easily track all incoming 
signuls. 
~96)(420) zs 40 K H z  (S-band); with this offset the total frequency shift was 15 KHz 
+ 40 KHz = 55 K H t ,  s t i l l  well within the capability of the loop. 
the loop i s  beginning to be stressed at a frequency offset of 55 KHz (it i s  s t i l l  more 
than 8 KHz &;thin i t s  capability, however), but it should be remembered that during 
Missions I and i l  there was no offset at the DSlF transmitter, yet residuals were present 
during those missions as well as during the last three. 

During Missions 111 through V, the uplink frequency was offset by as much as 

It may appear that 

With the transponcfer operating at signal levels, the signal-to-noise ratios in the 
’ loop are: 
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= 1mnz = 2odb 
= -142 dbm . 

s i 9  -142 -20 = -162 dbm 0 Hz 

-110 dbm) = 540 Hz = 27.3 db 

oise Power (> -110 dbm) = -162 + 27,3 = .-134.7 dbm 

dbm) 3 - 9Q + 134,7 = 44.7 db 

~=100 dbm). = -100 + 1%,7 = 34.7 db 

ith Iaap signal-to-noise ratios ranging from 34.7 db to 44.7 db the transponder was 
With the loop operating in a 

, c l w n  signal mode and well within its tracking capability, the possibility that any dis- 
ntially operating in a tlean signal mode (no noise). 

crepancies in doppler tracking arose in the transponder phase lock loop must be dis- 
counted. 

2) -- The tracking capability of the DSIF phase lock loop i s  dependent 
ly on received signal strength, but also on the choice of the loop 
idth setting. 
eceiver, Reference 6 contains a more detailed listing of  the loop 

Table 5,2 l i s t s  some of the loop parameters for the 

Parameter 

12 HZ ' 48 HZ . I ' - 152 W t  
Threshold* 

._  

-166 dbm 
.- - 160 dbm - 155.8 dbm 

132 Hz 274 Hz 518 Hz 

160 Hz/sec, t500 Hz/sec. 7500 Hz/sec 

DSW LOOP PA~METERS 

e nominal setting for the loop bandwidth was 12 Hr when tracking(dopp1er) data was 
ing extracted by the receiver system. During the Lumr Orbiter missions the received 

oigml strength at the DSIF ranged between -135 dbm and -145 dbm when the space- 
craft was in the low pawer mode, With a threshold of -166 dbm, this corresponded to 
loop signal-to-noise 

* 
** Frequency offset = &30/106 Hr 

tios of 21 db to 31 db wer  design threshold. Table 5,3 l i s t s  

For Ts :: 165'K (System no& temperature with antenna pointed .at the moon) 



t 
-I z 
0 
-1 

IY 
w 
I-. 
U 
E 
z w 
I- 

a - 

t- a 
a 
3: 
w 
* 
t- 
K 
0 
LL 

3 
23 

NUMBER 02-1 OO817-1 
COMPANY REV LTR 

bilities of the loop for tfaese SNR's. 

AMMETERS - 21 DB AND 
1 OVER DESIGN THRESHOLD 

imum 2-way doppler rates experienced in  lunar orbit were on the'order of 
maximum. With the SNR's that (See Figure 5.1 for a typical example.) 

the loop, this doppler rate was well within the capability of the tracking 
Fo investigate the effects of the loop bandwidth setting on the doppler residuals 

mode (received signal = -100 dbm) for two consecutive passes, the first with the 
ndwidth ret at 152 Hz andthe second with i t  set at 12 Hz (Reference 5). 
ught that the greater amount of filterirg in the 12 Hz bandwidth may be causing 

p. 
periment was conducted in which the spacecraft was tracked two-way in the high 

It 

effects in the tracking data. 
residuals within .02 Hz thereby eliminating the possibility that the filters in 
z b a n ~ ~ d t h  may be causing some lag effects in the tracking datae 

The results of the experiment showed an agree- 

The results 
of the ~ p e p ~ ~ ~ n t  shQwed an agreement in residuals within .02 Hz thereby eliminating 

ssibi.lity that the filters in the 12 Hz loop were responsible for the residuals. 

The Imp SNR's at the -135 dbm to -145 dbm received signal levels can be calculated 
!lows: 

LO = 12 H2 = 10. 

~ h r @ ~ l d  = -466 dbrn 

oise ~ e ~ i ~  = -166 - 10.8 = -176.8 dbm. Hz 
dbm) 3 120 Hz, = 20.8 db (Reference 5) 

6~ (-145 dbm) = 78 H2 = 18.9 db (Reference 5)  

p Noise Power (-1 dbm) = -176.8 + = -156 dbm 

oiss Power (-145 dbm) =r -176.8 + = -157.9 dbm 
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MR (-1% dbm) = 21.0 db 

dbm) 12.9 db 

With the loop operating at SNR's ranging from 12.9 db to 21 db, the probability of 
the loop beginni-ng to unlock and skip cycles i s  essentially zero (References 2, 3 and 4) 

since the doppler rates are well within the tracking capability of the loopf the 
bility that the DSIF dbta acquisition system i s  introducing errors intkthe doppler 

~ t r ~ ~ t j o n  must be di~ounted. 

5. 

Since the lunar Orbiter spacecraft 'came at times within 40 km of the moon's surface 
erilune, the possibility exists that the doppler residuals might have been caused 
nterferen~e of the reflected signals with the direct signal, i.e., multipth. 

th on the dcrwn-link signal had been ruled out previously because residuals were 
s t i l l  found to exist even when the spacecraft was tracked in the high power mode. 
The high power mode utilizes the travelling wave tube and the directional antenna for 
transrnissian to Earth. In this mode the direct signal i s  at least 37 db larger than the 
reflected signal from the lunar surface and for al l  pructical purposes "swamps" out the 
reftected signal. 

For the case of up-link multipath the reflected signal must be considered in more 
detuil. The geometry that would exist for a maximum reflected signal i s  shown in 
Figure 5-2, in this euse the entire beam intersects the moon and perilune occurs 
at the center of the moon's disc, 

0 

I ~ U M t N A T E ~  
SURFACE AREA 

N 

FlGURE 5.2 

GEOMETRY FOR WORST CASE MULTIPAT~ 
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The power density at the moon resulting from the RSlF transmitter may be determined 
from the m uation . 

+&t% -3 .  
2p er density at the rnmn 

~ ~ i ~ e ~  power = 10 KW 
'd 

Gt ~ ~ ~ j ~ i ~  antenna gain 57 db = 1.26 x lof 
Bt. . 

Pd .= 4.82 x Io4 w/km2 

The system los~es involved in the trunsmitting system amount to 0.7 db, Ta in$ th is  
kcfor into account yields IQ power density at the moon of 5.8 x w/km 5 , 
The amount of energy refleited by the moon i s  dependent upon an  efficiency factor, E 

= ~~G~ 

where 
? 

0 = directivity r 
GM x gain of the mwn 

purposes of analysis, the moon will be considered as a n  isotropic radiator (GM 1 I ) ,  
the value of q 8 will  be taken us 0.075 (Reference 7). The reflected power 

* *  
3 

Since a mujw pr t ion  of the reflected energy comes from the center of the ifiurninated 
mQon disk: (References 7 and 8), the reflected power density may be approximated by a 

enter of the moon whose power density at the surface i s  * ' .  

When the spacecraft i s  40 km above the surface, the distclncs from tbct centef d 
m001l in  terms of the noon's d u s ,  r, isat Wlow: 

i&. .,.,A,'- 
- .-.-'---.- 

SHEET 52 ,z-.&*-'- 
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c t = 4 0 k m + r .  c = 1738km 
d 1778 j, 

d = 1,023 r 

t o o 2 3  7""m 

2 =z 1.0465 b-2 

The power density at the spcicecraft i s  

1. 

1 -  P 

a 
a.2 .. - - 
3 (434 x 10-5 (0.M554) 

=: 4.15 x 10-5 w/km2 
a %-%/e 

The effective area, Aeffr of the omnidirectional antenna (assuming a gain of unity) i s  
CL 

(1.42 x 

(1,256 x 10') 
m 
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. -  2) Mult ipth (Pd - s/c) (A& 

= (4.15 x lom5 41.6 x lom9) - 

6.64 x watts 

..I 7' = -101.8 

For Q worst case analysis at  apofune--where apolune occurs at the center of the disc-- 
the distance of the spacecraft from the center of the moon in terms of the maon's radius 
r, i s  

The powe in the rnultipath signa? can be calculated as befc.3. Fc 
the hwer  in the rnultipath signal at the spacecraft i s  1.67 x 

this valu- of d2, 
Matts or -107.8 dbm 

From these culculations the difference between the direct and multipath signals may be 
determined. Table 5.4 lists the differences at perilune and apolune. 

SIGNAL POWER (DBM) 
DIRECT MULT I PATH DIFFERENCE, (RBI 

Peti 1 uns -90.3 -10h 8 1 1 3  
Apotune -90.3 -107.8 17.5 

TABLE 5.4 
DIRECT AND MULTIPATH SIGNAL POWERS 

. Sime the signal in the carrier trucking loop i s  sinusoidal, the interference of the two 
sigmls-direct and muiti@th may be represented by the phasor diagram of Figure 5,3. 
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the magnitude of the direct signal, OA, i s  unity, the magnitude of the 
nai, AC, varies between .071 (-11.5 db) and .018 (-173 db). 
parent that the interferring signal con never cause the instantaneous 

It i s  

cp, to even approach 90' which is the condition required for the loop 
The interferring signal will, however, cause some residual phase mod- 
uency Bf the muitipath signa!, AC, i s  the same  as the direct signat, 
will change as a function of time along with the phase (e in 
a m ~ l i ~ u d e  will be changing as  a function of time because the altitude 
muon is changing cas the spacecruft moves through i t s  orbit and also 

larities in the lunar surface preclude a uniform reflected signal. 
(Figure 5.3), may be represented US a constunt, unity, and the 

The 

nal, AC, by a(t) since both signals have the s a m e  frequency. The resultant 
, may then be expressed as 

where 

of reflected signal with respect to the direct signal. 

?he r e s u l ~ n ~ ' . s i g ~ ~  contains both amplitude and phase modulation. 

The amplitude maduIation represented by [(l + a(t) cos e)* + (a(t) sin S) ] 
remeved by the limiter in the spacecraft transponder, 
results in the presence of an additional frequency component, A a  , in the tracking loop. 

2 1/2. ' 
i s  

However, the phase angle, t#t# 

Sine@ a(*) i s  small with respect to unity, the expression for the phase, +# becomes 

a(t) sin 8 

The above. p h a ~  modufation then is responsible for the Frequency of the resultant signd 
received by the spacecraft to be continually varying about a mean value equal to the 

Since the m e l e n g t h  of the S-band signal i s  direct up-link signal. 
red to the altitude of the spacecraft, the phase of the multipath signal 

with respect to the direct-signal will  essentially be random, 
flclcted signal will have gone through many revolutions (cycles) before it reaches the 

spacecraft=-hence the probability that reflected signal leads the direct signal (e' positive 
in Figure 5.3) i s  roughly the same as the probability that the reflected signal lags ! ... 

This i s  to say that the 
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the direct signuL(8 negative in Figure 5.3). Thus over a period of time, the leading 
reflected signuts would average o u t  and would not produce any net effect 

signal. Therefore, the possibility that up-fink multipath i s  responsible for 
er-residuals must also be ruled out. This conclusion can be further substantiated 

data from LO ffl where perilune occurred at the edge of the lunar disc. 
umstance the tin@ of sight to the spacecraft did not intersect the moon and - 

the DSlF antenrio beam intersected the moon. The part of the moon that i s  
d under these conditions i s  the edge portion where the moon's curvature will 

craft would be minimal and the effects of multipath significantly reduced. 
hew conditions residuals were still found to exist.  

diverse scattering of the up-link signal. In this case the reflected signal 

(See Figure 5.4). 

5.3.3 

A post mission experiment was conducted with Lunar Orbiter V in which the spacecmft 
was tmcked o m  way through perilune and apolune 'in a further attempt to investigate 
the. possibility that up-link tfiultipath may be responsible for the doppler residuals. 

Figure 5.5, illustrates the one-way doppler and doppler rates which existed during this 
experiment. The signa? strength ut the DSlF receiver was -142 dbm during the track, 
For the tracking roop of the DSlF receiver, this corresponded to a S N R  of -142-(-166) 
= 24 db over design threshold (for 2 BLO = 12 Hz). At this S N R  the loop is capable 
.of tracking u doppler rate of 115 Hz/sec with a frequency offset up to f 70 KHz 
(Reference 5). The maximum frequency offset during the experiment was approximately 
43 KHz with a peak doppler rate of 2 Hz/sec. This is well within the tracking cag- 
u ~ ~ l ~ t i e s  of the loop x) i t  i s  extremely unlikely that any errors were introduced into the 
tracking data by the cfoppfer extraction system, 

s .4 RESULTS 

craft received sig 1 strength during all Lunar Orbiter missions was of sufficient 

Under these conditions the loop was always operating well within ik capabil- 
that ' the  tramponder phase lock loop was cffways operating under strong signal 

conditions. 
ck the received ground signal. 

largest stress which tbe transponder loop experienced was the frequency offset intro- 
duced in Missions i l l  through V. During these missions .the total frequency offset--DSlF 
trPrnanitter bias and doppler shift-approached 55 KHz; this still was more than 8 KHz 
within the capability of the l&p.* Missions I and I I  Crd not have any frequency bias 
introduced by the DSlF transmitter, and the stress experienced by the loop was a n  offset 
on the order of IS KHz-mare than 48 KHz within the capability of the loop.* Since 
residuals occurred through al l  missions, there is no reason to believe that the loop per- 
formed any less satisfactorily during the last three missions than during the first two. 

* (For a received signal ietvel -110 dbm) 
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DSIF received sig ng -a1 t mission 
se ratios which existed in  the receiver phase lock loop were 

rieshold for the 2 BLO = 12 Hr noise bcr 
s well within its trcrcking capabilities by a 

to believe that any discrepancies were introduced into the dopp 
IF receiving system. 

already been ruled out because previous experiments had shown that 
raaiduals were still present even when tracking was conducted with the spacecraft in a 
high.power mode. The directlonal antenna used by the spacecraft for transmission in 
this mode results in the direct signal being at least 37 db larger than the reflected 
signal . 
Analysis of uplink muttiputh has shown that the reflected signal is on the order of 11.5 dl 
lass than the direct signal for a worst case condition (maximum reflected signal). 
this value of reflected signal Strength, and because of the special phase relationships 
. 

is responsible for the doppler residuals. 

For 

ufred for multipath interferdnce, there i s  little rwm to believe that uplink rnultipath 

_ .  
COMCLUSION 
' * *--u.. I e--. 

5.5 
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.Q . ONE-WAY DOPPLER TRACKING 

6. I 

An experiment involving one-way doppler tracking of the Lunar Orbiter V spcecraft 
was accomplished to determine i f  one way data exhibits residwl oscillations similar to 
that prevalent. in two and three way doppler datu. One way tracking involves the use 
of an oxillator on-board the spacecraft as a frequency reference for the doppler track- 
hg. This is in comparison to the normal two-way doppler tracking where the fre- 
quency reference i s  at the tiucking station and the spacecraft acts mainly as a signal 
reflector. The experiment was conducted to eliminate uplink electronics and multi- 

th effects as a possible cause of the residual phenomenon. 

6.2 M ~ H ~ ~  OF ATTACK 

On Days 30 and 31 of 1967 Lunar Orbiter V was tracked one-way during perilune 
passags on two orbits and the included apolune region. Analysis of the data obtained 
during this period was accomplished €or the major purpose of determining if the perilune 
residuals are present in the one-way tracking data. The data at apolune was analyzed 
to verify that variations in doppler residuals were only present at perilune. 

The orbitaf geometry at the time of the experiment is indicated in  Table 6.1. 

ch: Day 30 20h 49" 25.18s 

Semi-major ax is  
EccenMcity 

4 P- 3 men) of periapsis 
itude of ascending node 

runs radius 
Ium radius 

lncl ination 

Sun longitude 
Sun Ia$itude 

2831.57 km . 

6.45 deg 

84.68 deg 
1902.1 km 
3761.1 km 
170.45 deg, E 

1.44 deg, . S  

0.328267 

283.38 deg 

&rth longitude 5.31) deg. E 
Earth latitude 5.40 deg. N 
Ped f urn longitude 
Perilune latitude 

76,@ deg, W 
6.42 dag. N 

.- 

ORBITAL ELEMENTS SELENOGRAPHIC Of DATE COORM NATES 
?ABLE 6.1 . 
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senturtim of the geometry i s  presented in Figure. 6.1. . 

.3 NALY SI0 

i s  of Lunar Orbiter V o n a a y  tracking data required a period of two and three- 
btain an accurate state vector solution. The luck of temper- 
raft's auxiliary oxiliator caused frequency drifts which would 

doppler datu for orbit determination. 

In transponder temperature during the experiment period is shown In 
cecraft telemetry data. 
drift which i s  increasing the off-sun angle. 
cling within the IRU"(fmrtiat Reference Unit) dead-bcfnd . 
cycling can be seen in Figure 6.3 during the time period of 

r i s  most significant since the off-sun angle was pre- 

The overall downward trend in temper- 
The small oscill- 

(e degrees). This 

imntly about the yaw axis and changes in  yaw position wil l  have the greatest 
ct  on transponder temperature. 

Telemetry acquired during the experiment period QISO provided data on solar army 
as plotted in Figure 6.4. 

cecraft off-sun angle which i s  the dominant factor causing changes in trunsponder 
There i s  a direct relation between array current und 

The combined effects of gyro drift and l im i t  cycling are obvious from the 

ta it i s  obvious that a partia1 solar eclipse of the spacecraft occurred about 

transponder temperature (Figure 6.2) after 0100 GMT Day 31 is due to a 
er back to the sun line in preparation for the impact maneuver of Lunar 

tempetrtatum. 
figure where an increase in bff-sun angle i s  indicated by a decrease in  array current. 

GMT on Dcry 30 during perilune passge. The rapid increase of solar array 

L 

604 RESULTS 

sing of the onwway tracking data involved an initial solution for a siute rector 
r data surrounding the experiment period, Using this 
ecraft trajectory i t  was ,possible to remove the doppler 
nar and spacecraft relative motion. 

and three-way do 
s i  estimate of the 
to tracking station Removal of this 

Transponder tiequency changes caused by 
doppler shift resultik in  Figures 4.5, 4.4 and 6.7 which are plots of one-way doppler 

three experiment periods, 
riotions are the obvious cause of the large doppler residuals in the one- 

quency drift from ihha o doppler data. In order to analyze this data It was 
linear tempemture change in which to apply the 

d on page 69) 
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during apolune passage required little initial analysis 
re  remained refativefy constant during the time pwibd 
current plotted from telemetty doia in Figure 6.9, 
e spacecraft off *he. sun line. The orbi 
ed the linear frequency drift which resu 

the frequency standard on 
siduaf’curve shown in Figure 6.10. The noise I 1 on the data has been 

the. spacewaft. 

e required Q more  th 
ure 6.11 ~ n ~ ; ~ t e s  the 

current p b t e d  in Figure 6.12 
atian. 
e temperature change w a s  linear. 

ler residwfs occurring in the trcl 
The general shapes of the two 

t the doppler noise level is dire 
the mte i s  0.25 Hz/sec and at perilune 

In order to process. this datu it was 
Three of 

Is were found end the results a re  shown in Figure 6,13. Also included in 

results of this study it can be stated thut cyclic residuals exist in the 
at perilune which are  similar to the two and threeway doppler 

Also the absence of such an in ~ v ~ d e n ~ ~  during all lunar Orbiter missions. 
lune i s  obvious, 

et, removes QS a bls cause of perilune dop residuals the 
craft uplink elect  and also the upfink multi effect (inter- 

nd direct signals to the space 

ry ~~~e~~ of this study is the obvious 
the orbit d ~ t ~ i ~ t i o ~  process due 

. .  
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r Orbiter V mde it ssible to directly m 

of 0.1 seconds, 

o c c ~ ~ ~ t ~ o ~ s  is not a direct measure of 
nd the orbit normal 

that the o~cuita- 
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uatlori was used to compute doppler residuais from d e v ~ a t ~ ~ s  of 

dicted dappfer (Hz) 

\ 
~~e~~ of s u ~ ~ ~ t ~ ~  perturbing sources (ems. lunar atm 

1 signature o f a  given 

is 

SHEET73 . 
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fbr an atmosphere to be the causa of the rasiduafs 
it the density would have to be of Q mosnitude large e 

in orbital period. 
minutes per day. 

For the sample C Q S ~  investigated the decoy was on the order 
TIT& results of the sun occultation data indicated that a 

rease in period (in exces!: of 2 seconds) did not occur in the 35 days considered. 
ious fi6m this study that the existanca of a significant lunar atmosphere i s  
atbova the altitude of 100 km (perilune altitude of the Lunar Orbifer V orbit). 

.. 
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.a SURFACE TERRAIN CORRELATION 

8. I ~ ~ T R ~ ~ ~ I O N  

investigation was performed to determine if irregular surface features in the form 
of highlands and lowlands tould cause gravitational perturbations accounting for the 
residual phenomenon, These surface features could not be modeled by the relatively 
low order (fourth or seventh) lunar harmonic gravitationat models used in the orbit 
d e t e ~ i ~ t i o n  program. 

It was determined that Lunar Orbiter spacecraft flying over the same terrain had similar 
resf Hems. 
passing over the same area. The 
same two spacecraft passing bver different lunar terrain again show similarities i n  their 

Figure 8.1 shows the residual pottern for Lunar Orbiters II and 111 
There are very distinct similarities in the two curves. 

atterns. There are significant differences between this latter set of curves 
2) and the previous set (Figure 8.1) indicating some correlation between doppler 

residuals and the spacecraf? ground track, 

8.2 METHOD OF ATTACK 

An analysis similar to that described in  Section 7.4 was used to determine if realistic 
surface features could cause residuals of the magnitude experienced during the Lunar 
Orbiter missions. For the example case used (Lunar Orbiter 111 Apollo type orbit) the 
spucecraft passed over a highland region at a relatively low altitude. 
in he vicinity of the crater Longrenus and was simulated by a point mass perturbation 
located at the center of the crater. 

This region was 

A correlation of residual patterns resulting from single orbit OD fits to the surface 
terrain beneath k k  spacecraft was also attempted. The relative surface profile was 
obtained from the Lunar charts published by the Aeronautical Chart and Information 
Center (LAC). 

8.3 

The Lunar Orbiter 111 Apollo type orbit was used in this study since in the nearly 
circular orbit the effect of surface terrain (if improtant) would manifest itself in the 
doppler residuals throughout the whole orbit. 
orbits were also investigated since each spacecraft passed over similar lunar terrain at 
equivalent altitudes. 

The Lunar Orbiter I I  and 111 photographic 

8 -4 RESULTS 

A comparison of residuals obtained from Lunar Orbiter data and those obtained from 
perturbation analysis (Section 7.4) due to surface irregularities i s  shown in Figure 8,3. 

U S  4602 1434 R E V -  a-65 
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this study was located at the site of the crater 
e = 9 O  S ) at a radius of 1739 km. A gravita- 

WQS assigned to the point mass to simulate a 
km and a base diameter of 150 km, 

nly the presence of the point mass perturbing 
ements were perturbed by the amount shown: 

*her dement s r~main~ng unchanged. 

igure 8.3 that the general shapes of the two residual curves do 
ut the ~ ~ i ~ u ~  magnitude of the residuals do correspond, 

y '  the ~ ~ v e s ~ j $ ~ t i ~ n  ~f residuals from different spacecraft passing over the 
P 

nearly circular orbit of lunar rbiter . IIJ exhibited u different trend 
the other orbits, Normally the peak doppler residuals were in the 
i t  periupsis but in the low orbit the maximum residuals occurred in 
long the orbit. Th+e peak residuals have been correluted to 

e cases dnd to masses buried beneath the lunar surface 
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